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FOREWORD 

Lockheed Ocean Systems i s  performing the  P r e l i m i n a r y  Design f o r  OTEC S t a t i o n -  

keeping Subsystems (SKSS) s tudy  c o n t r a c t  NA-79-SAC-00635 f o r  NOAA, O f f i c e  of 

Ocean Eng ineer ing ,  i n  suppor t  of the  Department of Energy,  Ocean Thermal 

Energy Conversion (OTEC) program. The SKSS des ign  team i n c l u d e s  IMODCO on 

d e s i g n  and a n a l y s i s  of mooring systems f o r  t h e  s p a r  ( S e c t i o n  3 ) ,  Simplex Wire 

and Cable Company on SKSS i n t e r f a c e  w i t h  t h e  E l e c t r i c a l  Transmiss ion System 

r i s e r  c a b l e ,  and Eager d A s s o c i a t e s  on r e l i a b i l i t y  assessment .  The r e s u l t s  of 

Task I V  Developnent and T e s t i n g  Reconanendations a r e  p resen ted  i n  t h i s  r e p o r t .  
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S e c t i o n  1 

INTRODUCTION 

The p r e l i m i n a r y  des igns  of S t a t i o n k e e p i n g  Subsystems (SKSS) f o r  t h e  OTEC Mod- 

u l a r  Experiment P l a n t  a r e  be ing  prepared f o r  a  ba rge  and s p a r  p la t fo rm.  The 

SKSS s e l e c t e d  by NOAA f o r  the  barge  i s  a  m u l t i p l e  anchor l e g  mooring w i t h  

a c t i v e  t e n s i o n i n g  (MALI, whi le  t h a t  f o r  t h e  s p a r  i s  a  t ens ion  anchor l e g  (TALS 

moor. The development and t e s t i n g  program r e q u i r e d  t o  provide  d e s i g n  d a t a  an6 

- t o  v a l i d a t e  performance p r e d i c t i o n s  a r e  t r e a t e d  i n  t h i s  r e p o r t .  

Bas ic  assumptions a r e  made w i t h  regard  t o  s i t e  c h a r a c t e r i s t i c s ,  behavior  02 

t h e  SKSS and p la t fo rm i n  t h e  s e a  s t a t e ,  and c h a r a c t e r i s t i c s  of  SKSS compo- 

n e n t s .  The t e s t  program i s  in tended t o  p rov ide  t h e  d a t a  n e c e s s a r y  t o  conf i rm 

assumptions or  t o  suppor t  des ign  r e v i s i o n s .  

With r e s p e c t  t o  t h e  s i t e  i t  i s  assumed t h a t :  

1. Bottom geolo'gy and c o n s i s t e n c y  i s  s u i t a b l e  f o r  t h e  e f f e c t i v e  use of  

drag-embedment anchors .  

2. The bottom i s  p lanar  and c l e a r  of o b s t r u c t i o n s  a t  t h e  anchor implan- 

t a t i  on l o c a t i o n s .  

Regarding s p e c i f i c  a s p e c t s  of p r e l i m i n a r y  d e s i g n ,  i t  i s  assumed t h a t :  

1. Q u a r t e r i n g  s e a s  g e n e r a t e  wors t -case  l o a d s  i n  t h e  M.4L SKSS. 

2.  P l a t f o r m  l o a d i n g  and SKSS response  t o  long p e r i o d  seaway phenomenon 

a r e  r e p r e s e n t e d  by an e q u i v a l e n t  s t e a d y  f o r c e  and r e s u l t a n t  o f f s e t .  

3.  Dynamic t e n s i o n s  i n  t h e  MAZ, a r e  10 p e r c e n t  of  maximum s t a t i c  t e n s i o n .  

4 .  Design o f  w i n d l a s s e s  f o r  anchor deployment and mooring l e g  l o a d s  

r e q u i r e s  on ly  a  r easonab le  e x t r a p o l a t i o n  of  c u r r e n t  p r a c t i c e  and,  

t h e r e f o r e ,  a wind lass  development e f f o r t  i s  n o t  recomended.  

5. The con t inuous  p u l l i n g  machine t o  be used aboard t h e  deployment 

ba rge  does n o t  r e q u i r e  development e f f o r t .  
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6. The un jacke ted  w i r e  rope i s  capable  of  p rov id ing  a  minimum o f  10 

y e a r s  s e r v i c e  l i f e .  

7.  The s e r v i c e  l i f e  of  the  s p e c i f i e d  anchor and c h a i n  is  a  minimum of  

30 y e a r s .  

8. Barge heading changes by means of mooring l e g  a c t i v e  t e n s i o n i n g  a r e  

r e p r e s e n t a t i v e  of c u r r e n t  and do not r e q u i r ?  development. 

9.  ' The drag embedment anchor can be s e t  t o  an accuracy of + 50 i t .  ' : - 
10. Fa t igue  cycle  data '  f o r  w i r e  rope i n  a i r  i s  assumed t o  apply  t o  wi re  

, . 
rope i n  seawater .  

Assumptions which a r e  not  t r e a t e d  i n  t h i s  p lan  t h a t  r e q u i r e  f u r t h e r  i n v e s t i g a -  

t i o n  a r e :  

1. Sea s t a t e s ,  i n c l u d i n g  seaway, wind, and ocean c u r r e n t  c o n d i t i o n s ,  

and ea r thquake  a c t i v i t y  a r e  l i m i t e d  t o  t h o s e  d e s c r i b e d  i n  

government-provided c r i t e r i a .  

2 .  A l l  s e a  s t a t e  f o r c e s  a c t i n g  on t h e  p la t fo rm a r e  co-planar .  

P r e d i c t i o n s  of MAL SKSS performance and s e a  s t a t e  response  a r e  p resen ted  i n  

t h e  Task I11 Pre l iminary  Design Repor t .  

The t e s t i n g  program f o r  t h e  m u l t i p l e  anchor l e g  system i s  cons ide red  f i r s t ,  

fol lowed by t h e  t ens ion  anchor l e g  program. D e v e l o p e n t  ?nd t e s t i n g  a r e  

reconinended i n  t h e  a r e a s  of  m a t e r i a l s ,  components and procedures  which a r e  

beyond modest e x t r a p o l a t i o n  o f  c u r r e n t  ocean e n g i n e e r i n g  p r a c t i c e .  

I n  t h e  case  of  m a t e r i a l s  and components which a r e  w i t h i n  t h e  p r e s e n t  s t a t e - o f -  

p r a c t i c e ,  i t  i s  in tended  t h a t  s t a n d a r d  c e r t i f i c a t i o n s  a r e  provided and non- 

d e s t r u c t i v e  t e s t i n g ,  such a s  r a d i o g r a p h i c ,  dye-penetrant ,  o r  magnet ic  f l u x  

i n s p e c t i o n ,  a r e  conducted by t h e  vendor t o  a s s u r e  p r o d u c t ' q u a l i t y .  Manufac- 

t u r i n g  accep tance ,  proof l o a d ,  and jo r  f u n c t i o n a l  demons t ra t ion  t e s t s  a r e  per- 

formed i n  accordance w i t h  normal i n d u s t r y  and vendor p r a c t i c e s .  Th i s  type  of  

s t a n d a r d  t e s t i n g  i s  not  t r e z t e d  f u r t h e r  i n  t h i s  p lan .  
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The c u r r e n t  depth  record f o r  deployrcent of t m u l t i p l e  anchor l e g  mooring i s  

3,461 E t  h e l d  by the Discovere r  534 d r i l l s h i p  wi th  t u r r e t .  The OTEC p l a t f o r m  

displacement  is  approximate ly  t h r e e  t imes gr t :a ter  than  t h a t  of  t h e  e x p l o r a t o r y  

d r i l l  s h i p .  The l a r g e s t  wire  rope i n  use a s  anchor l i n e  i s  3.5 i n .  d i a m e t e r ,  

a l though  11 i n .  d iamete r  w i r e  rope has  been used f o r  s l i n g s  t o  lower a  s i n g l e  

anchor l e g  mooring base i n  t h e  North Sea. The d u r a t i o n  of deep water  moors i s  

g e n e r a l l y  on t h e  o rde r  of  weeks a s  compared t o  30 y e a r s  f o r  t h e  permanent OTEC 

i n s t a l l a t i o n .  Mooring wicches and sheaves  have been b u i l t  t o  acconnnodate 

3.5 i n .  w i r e  w i t h  l e n g t h s  t o  a t  l e a s t  3,500 f c .  Mooring wind lasses  capab le  of 

hand l ing  4-?/4-in. anchor c h a i n  a r e  i n  o p e r a t ;  on on a i r c r a f t  c a r r i e r s  . S i n g l e  

anchor l e g  moorings,  analogous t o  t h e  t e n s i o n  anchor l e g  SKSS, a r e  des igned 

f o r  twenty year  l i f e  and have been deployed i n  wa te r  depths  up t o  500 f t .  

These systems i n c o r p o r a t e  a  u n i v e r s a l  j o i n t  a t t a c h e d  t o  a  base  s t r u c t u r e  on 

the  s e a f l o o r .  Tension anchor l e g  p la t fo rms  f o r  o f f s h o r e  o i l  p roduc t ion  a r e  i n  

t h e  des ign  development s t a g e  f o r  water  depths  beyond 1000 f t .  There appears  

t o  be  a c u r r e n t  l u l l  i n  c o n s t r u c t i o n  i n  t h e  o f f s h o r e  indus t , ry  and major 

advances i n  hardware development a r e  not a n t i c i p a t e d  i n  t h e  next  few y e a r s .  

Consequent ly ,  des ign  of t h e  OTEC SKSS f o r  deployment i n  1984 i s  assumed t o  

r e l y  on p r e s e n t  or  modest e x t e n s i o n  of  c u r r e n t  p r a c t i c e  i n  t h i s  i n d u s t r y .  
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S e c t i o n  2  

DEVELOPMENT AND TEST PROGRAM FOR MULTIPLE ANCHOR LEG (MALI SKSS 

I i  is  recowended  t h a t  MAL SKSS t e s t  a c t i v i t i e s  be planned f o r  accomplishment 

i n  t h r e e  major c a t e g o r i e s .  These c o n s i s t  of developnent  t e s t i n g  e a r l y  i n  t h e  

des ign  program t o  confirm d e s i g n  assumpt ions ,  hardware t e s t s  f o r  v e r i f i c a t i o n  

and e v a l u a t i o n  o f  c r i t i c a l  components of  t h e  proposed system; and f i n a l l y  

f u l l - s c a l e  e x e r c i s e s  i n  the  c o n s t r u c t i o n  phase t o  check t h e  f u n c t i o n a l  i n t e g -  

r i t y  of s e l e c t e d  system elements  and t o  e v a l u a t e  t h e  techniques  f o r  deployment. 

2.1 DJFELOPMENT TESTING 

2.1.1 S e a f l o o r  Sampling and Pro f i l i n g  

Measurement of s o i l  p r o p e r t i e s  and rhe  geo log ic  s t r u c t u r e  of t h e  ocean bottom 

a t  each of  t h e  e i g h t  anchor implan ta t ion  s i t e s  i s  key t o  conf i rming t h e  s u i t a -  

b i l i t y  of drag-embedment anchors.  It i s  recommended t h a t  a  s i t e  su rvey  t o  

d e f i n e  t h e s e  c h a r a c t e r i s t i c s  be conducted b e f o r e  t h e  nex t  phase o f  SKSS 

des ign.  Seismic  su rvey ing  t echn iques  a r e  used t o  determine t h e  sub-bot tom 
1 

p r o f i l e .  S o i l  dep ths  o f  two t o  f i v e  t imes  anchor h e i g h t  a r e  r e q u i r e d  f o r  d r a g  

embedment anchors .  I n  t h e  even t  t h a t  sha l lower  depths  a r e  observed,  then  

a l t e r n a t i v e s  t o  t h e  drag embedment anchor such a s  d r i l l e d  and g rou ted  p i l e  

. a n c h o r s  a r e  r e q u i r e d  dependin? on t h e  as-measured c o n d i t i o n s .  A l t e r n a t i v e l y ,  

ad jacen t  a r e a s  of t h e  s e a f l o o r  a r e  surveyed f o r  s i t e s  a p p r o p r i a t e  t o  d r a g  

embedment anchors .  Ccre sampies a r e  r e q u i r e d  a t  each of t h e  anchor l o c a t i o n s  

t o  determine ang le  of  i n t e r n a l  f r i c t i o n ,  b e a r i n g  c a p a c i t y ,  d e n s i t y ,  s h e a r  

s t r e n g t h ,  c o n s i s t e n c y ,  a n d .  sediment con ten t .  Data may be ob ta ined  u s i n g  Dop- 

p l e r  pene t romete r s  a t  each l o c a t i o n .  I n  o r d e r .  t o  a s s e s s  t h e  p o t e n t i a l  f o u l i n g  

r i s k  t o  the  anchor l e g s  and e l e c t r i c a l  r i s e r  sys tem from s e a  f l o o r  obs t ruc -  

t i o n s ,  a  s i d e  scan  sonar  su rvey  o f  t h e  a r e a  is  a l s o  r e q u i r e d .  An assessment  

of the  reduced d a t a  i s  r e q u i r e d  t o  determine s u i t a b i l i t y  of  d r a g  embedment 

anchors ,  anchor s e t  d i s t a n c e ,  and ho ld ing  power. 
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2.1.2 S c a l e  3ode l  T e s t s  

I n  o r d e r  t o  e v a l u a t e  response  o f  the  OTEC barge  and SKSS i n  des ign  s e a  s t a t e s  

and modes of o p e r a t i o n  i t  i s  reconanended t h a t  a  1 /50th  s c a l e  model of t h e  

barge  be  prepared and t e s t e d  t o g e t h e r  w i t h  moorings which s imula te  t h e  des ign  

and dynamic c h a r a c t e r i s t i c s  of t h e  MAL SKSS. This  t e s t  i s  recommended a s  a  

souTce of  d a t a  f o r  use i n  e v a l u a t i n g  the  c r i t i c a l  des ign  assumption of coupled 

barge-SKSS seaway response.  

Data a r e  ob ta ined  d e f i n i n g  mot i o n s ,  excurs ion  l i m i t s ,  and mooring l e g  t e n s i o n s  

when t h e  barge  model i s  exposed t o  r e g u l a r  and random wave s p e c t r a .  Of par-  

t i c u l a r  i n t e r e s t  i s  dynamic excurs ion  and anchor l e g  t e n s i o n  due t o  s lowly 

va ry ing  wave d r i f t  f o r c e  and moment. To t h i s  end long pe r iod  wave groups a r e  

modeled which s imula te  l i k e l y  occur rences  a t  the  s i t e .  Wave h e i g h t s  a r e  var-  

i e d  up t o  a  s c a l e d  e q u i v a l e n t  t o  t h e  Extreme Sea S t a t e  w i t h  heading va ry ing  

from bow-on t o  a s t e r n ,  p o r t  and s t a r b o a r d .  I n  a d d i t i o n ,  mooring l e g  l o a d s  a r e  

determined under c o n d i t i o n s  s i m u l a t i n g  a c t i v e  t e n s i o n i n g  t o  v e r i f y  t h a t  t h i s  
i * 

technique op t imizes  t e n s i o n  load ings .  This  i s  accomplished by v a r i a t i o n  of 

anchor l e g  l eng th  i n  t h e  conduct o f  t h e  t e s t  program. Ana lys i s  of  t h e  d a t a  

ob ta ined  i s  performed t o  confirm SKSS and ba rge  l o a d s  and response  c h a r a c t e r -  

i s t i c s .  I n  p a r t i c u l a r ,  long pe r iod  mean t e n s i o n  and e x c u r s i o n  a r e  examined t o  

a s s e s s  the e f f z c t s  of s lowly v a r y i n g  wave d r i f t  f o r c e  and moment on t h e  ba rge  

and SKSS. 

Model t e s t i n g  Ls based on Froude s c a l i n g .  A more d e t a i l e d  d i s c u s s i o n  of t h i s  

t o g e t h e r  w i t h  s c a l i n g  f a c t o r s  i s  found i n  S e c t i o n  3.1. For  a  model s c a l e  of 

1:50 the  Extreme Sea S t a t e  s i g n i f i c a n t  wave h e i g h t  i s  15.2 i n .  The ba rge  

i n c l u d e s  a  model o f  t h e  CWP . t o  a d e p t h  of approx imate ly  60 p e r c e n t  of  t h e  max- 

imum wme l e n g t h  o r  10.5 f t  i n  s c a l e .  Barge p r i n c i p a l  d imensions ,  we igh t ,  

buoyancy, and mass moment of  i n e r t i a ,  i n c l u d i n g  t h e  CWP, a r e  modeled. A num- 

b e r  o f  ' t e s t  b a s i n s  e x i s t  which have t h e  c a p a b i l i t y  of modeling t h e  d e s i r e d  

env i  r o w e n t  ( s e e  Table  3-1 1. 

F i g u r e  2-1 i l l u s t r a t e s  a model of  a  t en - l eg  MAL SKSS a t  a  s c a l e  of 1/3600. 
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2.1.3 s e r v i c e  L i f e  Improvement T e s t s  

T e s t i n g  t o  e v a l u a t e .  the  p o s s i b i l i t y  of hand l ing  p l a s t i c  sheathed wi re  raps, 

whi le  not s p e c i f i e d  f o r  t h e  p re l iminary  d e s i g n ,  i s  recomended a s  a  p o t e n t i a l  

means of  ex tend ing  the  wi re  rope s e r v i c e  l i f e .  A sheaching i s  sought  which 

meets t h e  requirements of  p r o t e c t i n g  t h e  w i r e  rope from c o r r o s i o n  and which 

can pass  through the 'continuous p u l l i n g  machine wi thou t  d e t r i m e n t a l  e f f e c t  t o  

i t s  cover ing  dur ing  deployment and change-out . The fo l lowing  c h a r a c t e r i s t i c s  

a r e  considered:  c rush  s t r e n g t h ,  r e s i s t a n c e  t o  seawate r ,  f  l e x u r z l  s t r e n g t h  .and 

l i f e ,  res i s ~ a n c e  KO a b r a s i o n ,  bond s t r e n g t h ,  d e n s i t y ,  hardncss  , o p t  inum th lck-  

n e s s ,  and s u s c e p t i b i l i t y  t o  b i o f o u l i n g  damage. 

2 . 2  HARDWARE TESTS 

Hardware-type t e s t i n g  i s  necessa ry  f o r  t h e  w i r e  rope s e c c i o n  of the  anchor 

l e g .  While w i r e  rope i s  produced i n  l a r g e r  s i z e s  and load r a t i n g s  t h a n  t h a t  

r e q u i r e d  f o r  the  MAL SKSS, r e l a t i v e l y  l i t t l e  i s  known w i t h  r e s p e c t  t o  corro-  

s i o n  and f a t i g u e  l i f e  i n  long-term ocean deployment. I n  o r d e r  t o  e s t a b l i s h  

t h e  wi re  rope s e r v i c e  l i f e ,  i t  i s  necessa ry  t o  conduct an e x t e n s i v e  t e s t i n g  

program p r i o r  t o  t h e  next phase o f  SKSS des ign .  I n  a d d i t i o n  t o  s e p a r a t e  COT- 

r o s i o n  t e s t s  and f a t i g u e  t e s t s ,  combined t e s t i n g  i s  r e q u i r e d  t o  e v a l u a t e  wi re  

rope f a t i g u e  i n  seawate r .  I n  d i s c u s s i o n s  w i t h  w i r e  rope manufac tu re r s  i t  i s  

c l e a r  t h a t  a  c o o p e r a t i v e ,  c o s t  s h a r i n g  v e n t u r e  i s  r e q u i r e d  f o r  2 program of 

t h i s  na tu re .  For example, a  program w i t h  F a t z e r ,  A.G. would u t i l i . z e  e x i s t i n g  

f a c i l i t i e s  i n  Zur ich ,  Swi tze r l and ,  e x t e n s i v e l y  involved i n  wi re  rope t e s t i n g  

f o r  a e r i a l  tramway systems.  A v a i l a b i l i t y  o f  t h i s  f a c i l i t y  arid e x p e r t i s e  pro- 

v i d e s  a  p o t e n t i a l l y  lower c o s t  e f f o r t  than  a s i m i l a r  program conducted i n  t h e  

United S t a t e s .  

I n  con junc t ion  w i t h  the  wire  rope c o r r o s i o n  t e s t i n g ,  i t  i s  recommended t h a t  an  

i n v e s t i g a t i o n  be conducted i n t o  t h e  p o t e n t i a l  advantages  of u s i n g  epoxy r e s i n  

m a t e r i a l s  i n  p l a c e  of  t h e  z i n c  c o n v e n t i o n a l l y  used t o  f i l l  socke t  connec t ion  

f i t t i n g s .  Use of t h e  more i n e r t  epoxy i n  p l a c e  of t h e  e l e c t r o c h e m i c a l l y  
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a c t i v e  z i n c  may provide  g r e a t e r  c o r r o s i o n  r e s i s t a c c e .  Long-term s t a b i i i t y  and 

s t r e n g t h  of  the  epoxies  i n  the  deep s e a  environment needs t o  be e s t a b l i s h e d .  

Chain c a p a c i t y  t o  provide  adequate f a t i g u e  and a b r a s i o n  s t r e n g t h  f o r  a  30-year 

s e r v i c e  l i f e  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  Chain t e s t i n g  i s  r e q u i r e d  i f  

adequate d a t a  i s  not a v a i l a b l e  on performance of cha in  i n  l a r g e  diame::er cha in  

i n  deep ocean mooring. T e s t s  e x p l o r i n g  c o r r o s i o n  p r o p e r t i e s  a r e  conducted i n  

seawater  having chemical c o n s t i t u e n c y ,  p h y s i c a l  p r o p e r t i e s ,  and average tem- 

p e r a t u r e  range which s imula te  t h o s e  c h a r a c t e r i s t i c s  a t  t h e  deployment s i t e .  

2.3 FULL-SCALE EXERCI SES 

I n  t h i s  c a t e g o r y  a r e  included a c t i v i t i e s  t o  be conducted i n v o l v i n g  SKSS e l e -  

ments f o r  t h e  purpose of  v e r i f y i n g  f u n c t i o n a l  i n t e g r i t y  of  r e l a t e d  components 

and conf i rming the  s u i t a b i l i t y  of des igns  and t echn iques  f o r  SKSS hand l ing  and 

deployment. 

2.3.1 Anchor Assembly Test  

A f u l l - s c a l e  t e s t  i s  recomaended t o  conf i rm t h a t  t h e  tandem anchor assembly,  

c o n s i s t i n g  of t h e  two 60,000-lb drag-embedment anchors  and t h e i r  connec t ing  

c h a i n  segment, can be  s e t  w i t h  p roper  o r i e n t a t i o n  and embedment on t h e  ocean 

bottom. Th i s  t e s t ,  fo l lowing  t h e  s o i l s  t e s t  and p reced ing  d e t a i l  d e s i g n ,  a l s o  

p rov ides  the  o p p o r t u n i t y  t o  measure t h e  l a t e r a l  t r a v e l  n e c e s s a r y  f o r  t h e  

assembly t o  achieve f u l l  embedment. The b e n e f i t  of  t h e  t e s t  i s  t o  p rov ide  . 

d a t a  t o  v e r i f y  the  concept of  tandem anchors  and t o  v a l i d a t e  t h e  t e c h n i q u e s  

f o r  p r e d i c t i n g  anchor s e t  d i s t a n c e ,  e s s e n t i a l  t o  p roper  placement 3f t h e  

anchor assembl ies  d u r i n g  a c t u a l  'deployment a t  t h e  o p e r a t i o n a l  s i t e .  As a  sec- 

ondary b e n e f i t ,  t h i s  t e s t  p rov ides  e x p e r i e n c e  w i t h  which t o  r e f i n e  t h e  anchor 

deployment technique.  

The anchor assembly t e s t  i s  conducted a t  a  s i t e  which h a s  known bottom charac-  

t e r i s t i c s ,  p r e f e r a b l y  s i m i l a r  t o  t h o s e  o f  Punta  Tuna, P.R., w i t h  r e s p e c t  t o  

s l o p e ,  s o i l  m a t e r i a l  and s u f f i c i e n t  dep th  f o r  f u l l  embedment. To h e l p  ho ld  

c o s t s  down, minimize hand l ing  problems, and f a c i l i t a t e  o b s e r v a t i o n  of t e s t  
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r e s u l t s ,  a  s u i t a b l e  s i t e  i n  r e l a t i v e l y  sha l low water depth  (300 t o  500 f t )  i s  

r ecowended .  The use of s u b s c a l e  models f o r  t h i s  t e s t ,  ,:onducted p r i o r  t o  

procurement of t h e  f u l l - s c a l e  hardware,  reduces program r i s k  and i s  recom- 

mended f o r  f u r t h e r  i n v e s t i g a t i o n .  

Required i n  a d d i t i o n  t o  t h e  anchor assembly a re :  

1. S u f f i c i e n t  c h a i n  t o  provide  a  minikum -6 t o  1 scope.  

2. A deck ba rge  w i t h  a  deadweight of approx imate ly  6000 tons .  

3. Unmanned submers ible  equipped w i t h  c l o s e d  c i r c ~ ~ i t  t e l e v i s i o n  and 

a c o u s t i c  o r  sonar  t ransponder .  

4 .  Submersible suppor t  v e s s e l ,  160 f t  l eng th .  ' 

5. OTEC SKSS deployment wind lass  o r  e q u i v a l e n t  mounted on c r a n e  ba rge .  

6 .  5700 hp anchor hand l ing  t u g / u t i l i t y  v e s s e l ,  190 f t  l e n g t h ,  approxi-  

ma te ly  150,000 I b  b o l l a r d  p u l l  

7 .  Anchor t r i p  l i n e s  and buoys. 

The anchor assembly,  w i t h  a  cha in  rope of  adequate  l e n g t h  t o  p rov ide  a  6 t o  1 

scope a s  a  minimum, i s  lowered t o  t h e  s e a  f l o o r  us ing  t h e  in tended  deployment 

technique. Underwater s u r v e i l l a n c e  of  t h i s  o p e r a t i o n  is mainta ined by use  of 

c losed c i r c u i t  TV on an unmanned t e t h e r e d  submers ib le .  The proper  c h a i n  scope 

i s  payed o u t  and t h e  barge  c a r r y i n g  the  deployment windlass  i s  s e c u r e l y  

moored. The windlass  i s  then  o p e r a t e d  t o  s e t  t h e  anchors whi le  c o n t i n u i n g  TV 

s u r v e i l l a n c e .  Measurement of  embedment t r a v e l  i s  made, a s  Ire11 a s  l i n e  ten- 

s i o n  c o n t i n u i t y  f o r  a  s p e c i f i e d  p e r i o d  of t ime.  The anchors a r e  r e t r i e v e d  

us ing  i n d i v i d u a l  t r i p  l i n e s  p r e v i o u s l y  a t t a c h e d .  

2.3.2 Deep Water Handling T e s t  

This  t e s t  h a s  a two-fold purpose.  F i r s t ,  i t  p rov ides  a n  o p p o r t u n i t y ,  w e l l  i n  

advance o f  OTEC m o b i l i z a t i o n ,  t o  e v a l u a t e  t h e  deployment system and i t s  com- 

ponents .  Second, i t  pe rmi t s  assessment  of  t h e  p rocedures  t o  accomplish t h i s  

p r e v i o u s l y  u n t r i e d  t a s k .  This  t e s t  i s  conducted by t h e  deployment c o n t r a c t o r  

fo l lowing  complet ion of t h e  OTEC SKSS deployment barge .  
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The . o p e r a t i o n  . of  paying o u t  t h e  wi re  rope segment,  lower ing t h e  anchor assem- 

b l y  and cha in  segment t o  the  bottom, and milking up the  chain-to-wire connec- 

t i o n  i s  conducted w i t h  a  s i n g l e  anchor l e g  of t h e  MAL SKSS. The anchors a r e  

not  s e t .  The e n t i r e  mooring l e g  i s  recovered a t  the  completion of t h i s  opera- 

t i o n .  I n  a d d i t i o n  t o  t h e  mooring l e g ,  t h e  f r . l lowing a r e  r equ i red :  

1. A deck barge  of approximate ly  6,001. dWT c a p a c i t y .  

2. OTEC SKSS deplo;?nent winch and v i - ; ~ d i a s s  e q u i v a l e n t  mounted on c rane  

ba rge .  

3. Anchor hand l ing  t u g / u t i l i t y  v e s s e l  of 7,800 hp  and 218 f t  l eng th .  

4 .  Anchor t r i p  Zincs and buoys. 

5. Unmanned submers ible  equipped w i t h  c l o s e d  c i r c u i t  TV. 

6 .  Submersible suppor t  v e s s e l ,  160 f t  u t i l i t y  boa t .  

2.4 SCHEDU'LE AND COST ESTIMATES 

Est imated schedule  and c o s t s  f o r  each t e s t  desc r ibed  i n  the  p rev ious  s e c t i o n  

a r e  p r e s e n t e d  wi th  b a s i s  of  e s t i m a t e s  i n  t h i s  s e c t i o n ,  and summarized i n  

Table 2-1. A l l  c o s t s  a r e  s t a t e d  i n  1979 d o l l a r s .  

Tab le  2-1 SLNHARY OF M A .  SKSS TES'IING COSTS AND SCHEDULE 
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Schedule (Days) 

15 

7 

730 

2 70 

5  

6 

Test  

Deafloor Sampling and 
P r o f i l i n g  

S c a l e  Model 

S e r v i c e  L i f e  Improvement 
T e s t s  

Hardware (Wire Rope) T e s t s  

Anchor Assembly 

Deep Water Handl ing 
i 

ROM ~ c s t  ($10 

125 

40 

128 

100 

105 

220 



2.4.1 S e a f l o o r  Sampling and P r o f i l i n g  

Bottom s o i l  p r o f i l i n g  s t u d i e s ,  co re  sampling and s i d e  scan sonar  mapping of 

t h e  anchor emplacersent a r e a  i s  e s t i m a t e d  t o  be $125,000 ROM i n c l u d i n g  a  160 f t  

suppor t  v e s s e l  and ' t h e  s c i e : . l t i f i c  s e r v i c e s  r e q u i r e d .  This  i s  based on a  ves- . 

s e l  t r a n s i t  t ime t o  t h e  s i r e  of f o u r  days ,  survey a c t i v i t i e s  f o r  seven days 

and a  r e t u r n  t r i p  of f o u r  days'. The c o s t  of each Doppler penetrometer  drop i s  

$1,500. 

2.4.2 S c a l e  Model T e s t s  

Model t e s t  o p e r a t i o n s  a r e  e s t i m a t e d  t o  r e q u i r e  one week of occupancy i n  a 

f a c i l i t y  such a s  t h e  Of f shore  Technology Corp. t e s t  b a s i n .  The ROM c o s t  f o r  

t h i s  a c t i v i t y  i s  $35,000. I n  a d d i t i o n ,  model f a b r i c a t i o n  c o s t  i s  e s t i m a t e d  a t  

$5,600. 

2.4.3 Serv ice  L i f e  Improvement T e s t s  

Actual  time spans and e x p e n d i t u r e s  f o r  development t e s t i n g  a s  desc r ibed  i n  

S e c t i o n  2.1.3 a r e  d i f f i c u l t  t o  e s t i m a t e  due t o  t h e  number and type of  v a r i -  

a b l e s  involved and the  i n t a n g i b l e  i n f l u e n c e s  p o s s i b l e ,  such a s  development of 

new m a t e r i a l s  o r  p rocesses  Sy o t h e r s .  I t  i s  f e l t ,  however, t h a t  even an 

a c c e l e r a t e d  exposure and a g i n g  program r e q u i r e s  a  2-year span.  Over t h a t  

p e r i o d  o f  t ime a  r e s e a r c h e r  h a l f  time a s s i s t e d  h a l f  t ime  by a  t e c h n i c i a n  i s  

e s t i m a t e d  t o  c o s t  $38,00O/yetr .  M a t e r i a l s  and s u p p l i e s  a r e  e s t i m a t e d  t o  add 

$25,00O/year f o r  a  t o t a l  ROM c o s t  o f  $128,000. 

2.4.4 Hardware T e s t s  

On the  b a s i s  of a  shared c o s t  v e n t u r e  a s  d i s c u s s e d  w i t h  wi re  rope f a b r i c a t o r s ,  

t h e  ROM c o s t  of f a t i g u e  and c o r r o s i o n  t e s t s  is  $100,000 and a  lo-month span i s  

r e q u i r e d .  
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2.4.5 Anch3r Assembly T e s t  

Assuming t h a t  a  t e s t  s i t e  i s  s e l e c t e d  which r e q u i r e s  a  2-day t r a n s i t  from the  

s t a g i n g  p o r t ,  t h a t  t h e  deployment barge  is  o u t f i t t e d  and t h a t  t e s t  a c t i v i t i e s  

r e q u i r e  3 days ,  i t  i s  e s t ima ted  t h a t  v e s s e l ,  f u e l ,  crew, and equipment l e a s i n g  

c o s t s  a r e  approximate ly  $105,000. 

2.4.6 Deep Water Handling Tes t  

It i s  assurd2d t h a t  the  deployment barge  used. i n  t h e  p rev ious  t e s t  i s  used f o r  

t h i s  o p e r a t i o n  and t.hat t h e  t e s t  w i l l  t ake  p lace  d i r e c t l y  fo l lowing  t h e  anchor 

assembly t e s t  wi th  a  I-week s t a g i n g  pe r iod .  I t  i s  f u r t h e r  assumed t h a t  the  

s e l e c t e d  s i t e  r e q u i r e s  a  4-day t r a n s i t  from t h e  s t a g i n g  p o r t  and t h a t  t e s t  

a c t i v i t i e s  r e q u i r e  2  days.  Cost of v e s s e l s ,  f u e l ,  crew and equipment l e a s i n g  

i s  e s t i m a t e d  a t  $215,000. Ocean Systems o b s e r v e r s  ( 2 )  a r e  e s t i m a t e d  a t  

$5,000. T o t a l  ROM c o s t  i s  approximate ly  $220,000. 
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S e c t i o n  3 

DEVELOPMENT AND TEST PROGRAM FOR THE TENSION ANCHOR LEG (TALI SKSS 

  he Task I11 Report p r e s e n t s  a  p r e l i m i n a r y  des ign  f o r  the  Spar-TAL SKSS, 

based on a  s e t  of des ign l o a d s  de r ived  from a  s i m p l i f i e d  load a n a l y s i s .  These 

l o a d s  r e q u i r e  v e r i f i c a t i o n  by model t e s t s  p r i o r  t o  a  d e t a i l e d  des ign .  The 

measured motions and response  of t h e  spar and CWP a r e  then  compared botii 

q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  w i t h  the  r e s u l t s  of the  s i m p l i f i e d  a n a l y s i s .  

The loads  on t h e  mooring base  a r e  a l l  t h a t  a r e  r e q u i r e d  from t h e  model t e s t s  

f o r  the  des ign  of the  TAL-SKSS. Since  the  s p a r  and CWP must be modeled cor- 

r e c t l y  t o  reproduce t h e  d e s i r e d  base  l o a d s ,  i t  i s  necessas ry  t o  moni to r  t h e  

l o a d s  and response  of the  e n t i r e  system. I n  t h i s  r e p o r t ,  an i n t e g r a t e d  model 

t e s t  program i s  desc r ibed  which provides  t h e  necessa ry  in fo rmat ion  f o r  t h e  

d e s i g n  of major components of the  Spar-TAL. A d e s i g n  i t e r a t i o n  of the  CWP i c  

recomnended s o  t h a t  t h e  Spar-TAL c o n f i g u r a t i o n  i s  i n t e g r a t e d  p r i o r  t o  t e s t i n g .  

3.1 MODEL TESTING 

Model t e s t s  have played an important  r o l e  i n  t h e  d e s i g n  of o f f s h o r e  s t r u c t u r e s  

p r e s e n t l y  i n  use  throughout  t h e  world.  The v a l i d i t y  of model t e s t i n g  is 

e s t a b l i s h e d  f o r  a  g r e a t  v a r i e t y  of o f f s h o r e  s t r u c t u r e s  such a s  semisubaers-  

i b l e s ,  mooring sys tems,  and o f f s h o r e  p la t fo rms .  Model t e s t s  a r e  used t o  prove 

the  f e a s i b i l i t y  of new concep t s ,  t o  v e r i f y  l o a d  a n a l y s i s  t echn iques  and com- 

p u t e r  programs, and t o  p rov ide  des ign  l o a d s  f o r  a s p e c i f i c  des ign .  

Model t e s t s  of the  Spar-TAL a r e  r e q u i r e d  p r i o r  t o  a  f i n a l  des ign .  These t e s t s  

p rov ide  a  s e t  of l o a d s  f o r  f u r t h e r  des ign  and can p rov ide  v e r i f i c a t i o n  of  com- 

p u t e r  programs, such a s  ROTEC ( ~ r .  R. P a u l l i n g )  and the  NOAAIDOE program, used 

t o  s imula te  t h e  s p a r  and CWP. 
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3.1.1 Froude S c a l i n g  

Model t e s t s  of most o f f s h o r e  s t r u c t u r e s  a r e  based on Froude s c a l i n g .  Tne 

Froude number i s  t h e  r a t i o  of t h e  i n e r t i a  f o r c e  t o  t h e  f o r c e  of g r a v i t y .  

Froude s c a l i n g  i s  based on the  f a c t  t h a t  the  d e n s i t y  of water  and the g r a v i t a -  

t i o n a l  a c c e l e r a t i o n  a r e  t h e  same f o r  t h e  model a s  f o r  t h e  f u l l - s i z e  s t r u c -  

t u r e .  (A smal l  c o r r e c t i o n  i s  made f o r  the  d i f f e r e n c e  between the  d e n s i t y  of 

f r e s h  wa te r  i n  t h e  t ank  and s a l ' t  water  i n  t h e  ocean. )  Froude s c a i i n g  i s  v a l i d  

f o r  l a r g e  s t r u c t u r e s  such a s  the  Spar-TAL because  t h e  major f o r c e s  a r e  caused 

by buoyancy and wave i n e r t i a l  f o r c e s ,  which a r e  modelec? c o r r e c t l y .  The 

Reynolds numbers f o r  wind and water motions a r e  not modeled, bu t  t h e  r e s u l ~ i n g  

d r a g  f o r c e s  a r e  approximate ly  modeled c o r r e c t l y  because  t h e  drag c o e f f i c i e n t s  

a r e  f a i r l y  cons tan t  a t  the  high tu rbu lence  ranges  t y p i c a l l y  encountered.  

I f  t h e  model s c a l e  i s  1 / N ,  t h e  remaining v a r i a b l e s  s c a l e  a s  f o l l o w s :  

D i s t a n c e s ,  Lengths 1 /N 

Dens i ty  0.975" 

A c c e l e r a t i o n  1 

Forces  and Weights 0 . 9 7 5 / ~ ~ *  

Time I /  6 
Angl e  s  

V e l o c i t y  

*0.975 i s  a  c o r r e c t i o n  f o r  f r e s h  t o  s a l t  wa te r  

3.1.2 S e l e c t i o n  of a  T e s t  F a c i l i t y  

The l a r g e  water  dep th  r e q u i r e d  f o r  an  OTEC p l a n t  l i m i t s  the  number of model 

t e s t  f a c i l i t i e s  t h a t  could  t e s t  t h e  Spar-TAL. T e s t s  of a  s p a r  w i t h o u t  t h e  

c o l d  water  p ipe  are d i s c u s s e d  on page 21. Without a deep b a s i n ,  t h e  model 

s c a l e  would be too smal l  f o r  a c c u r a t e  r e s u l t s .  Very smal l  wa te r  waves a r e  

c a p i l l a r y  waves and do not model a s  w e l l  a s  t h e  usua l  g r a v i t y  waves. 
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A l i s t  of t e s t  b a s i n s  and t h e i r  maximum water  depth  i s  provided i n  Table  3-1. 

This  l i s t  i n c l u d e s  the f a c i l i t i e s  cormnonly used by p r i v a t e  i n d u s t r y  f o r  the 

t e s t i n g  of o f f s h o r e  mooring sys tems.  Government or  m i l i t a r y  sponsorzd fac i l - a  

i t i e s  a r e  not l i s t e d  because s e v e r a l  i n d u s t r y  f a c i l i t i e s  a r e  a v a i l a b l e .  

The proposed model t e s t  f a c i l i t y  f o r  t e s t i n g  of t h e  Spar-TAL i s  Of f shora  

Technology Corpora t ion  (OTC) l o c a t e d  i n  Southern  C a l i f o r n i a .  This  f a c i l i t y ,  

w i t h  a  deep t ank  and e x c e l l e n t  wave g e n e r a t o r ,  i s  exper ienczd i n  t h e  modeling, 

of s i n g l e - p o i n t  mooring systems.  Although t h i s  r e p o r t  i s  w l i t t e n  w i t h  t h e  OTC 

f a c i l i t y  i n  mind, a  f i n a l  model t e s t  s p e c i f i c a t i o n  could be w r i t t e n  and sub- 

m i t t e d  t o  s e v e r a l  t e s t  f a c i l i t i e s  f o r  compet i t ive  b i d s  and f o r  a comparison of 

d i f f e r e n t  modeling approaches .  Th i s  would add approximate ly  6 weeks t o  t h e  

t e s t  schedul'e. 

The model b a s i n  a t  OTC i s  295 f t  long ,  48 f t  wide,  and 15 f t  deep. A p i t  i n  

t h e  middle of t h e  b a s i n ,  w i t h  a t o t a l  depth  of 30 f t ,  a l lows t e s t i n g  of deep 

water systems.  Waves are .produced hy a wave f l a p  d r i v e n  by a ~ e r v o - o o n t r o l l c d  

h y d r a u l i c  p i s t o n .  Computer-derived i r r e g u l a r  wave s p e c t r a ,  such a s  P i e r s o n  

Moskowitz, a r e  s t o r e d  on magnet ic  t a p e s  t h a t  are used t o  d r i v e  t h e  wave 

Tab le  3-1 TEST FACILITIES 
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B 

Tes t  Basin  

0  TC 

NSMB 

SOGREAH 

NMI 

Marine Dyn. & Ship  Lab. 

S  SPA 

Hydrpnau t i c s  

Sh ip  Research I n s t i t u t e  
+ 

L o c a t i o n .  

Escond i d o l  CA 

Ne ther lands  

France 

England 

Ottawa, Canada 

, Sweden 

Laurel, MD 

M i  t a k a ,  Tokyo, Japan 

Maximum Depth ( i t )  

3  0 

18 

Approx. 9 

25 

15 

16.5 

3 5 

15 



g e n e r a t o r .  These s p e c t r a  a r e  p l o t t e d  arid compared t o  t h e  d e s i r e d  s p e c t r a ;  

f a v o r a b l e  comparisons a r e  u s u a l l y  ob ta ined  f o r  the  h igher  s i g n i f i c a n t  wave 

h e i g h t s .  The s p e c t r a  a r e  comparable o r  s u p e r i o r  t o  t h o s e  produced i n  o t h e r  

p r i v a t e  t e s t  f a c i l i t i e s .  

Wind i s  u s u a l l y  provided by a  s e t  of f a n s  mounted near  thc  water  s u r f a c e .  

Cur ren t  can be provided by a  pump and nozzle-pipe arrangewent t h a t  can be 

adapted t o  v a r i o u s  c u r r e n t  o r i e n t  a t  ions .  

3.1.3 Modeling 

Model Sca le .  The Spar-TAL system, shown i n  F i g .  3-1, can be t e s t e d  a t  OTC a t  

a  s c a l e  of 1 /120.  Th i s  i s  a s m a l l e r  s c a l e  t h a n  usua l  f o r  a o o r i n g  sys tems.  

The 3 ,280-f t  water  depth  s c a l e s  t o  27.33 f t ,  which a l lows e x t r a  f r eeboard  i n  

t h e  30-ft p i t  f o r  waves. 

The maximum wave h e i g h t  of 63.2 i t  becomes 6.3 i n .  w i t h  a  s i g n i f i c a n t  h e i g h t  

of 3.5 i n .  The wave accuracy i s  s l i g h t l y  reduced because  of t h e  smal l  s i z e ,  

due t o  wave-making and measur ing e r r o r s .  Repeat t e s t s  may be n e c e s s a r y  t o  

o b t a i n  t h e  c o r r e c t  wave h e i g h t .  The lower h a l f  of t h e  p i t  e f f e c t i v e l y  b locks  

wave a c t i v i t y  on the  lower h a l f  of the  co ld  wa te r  p ipe  (CWP), b u t  v e r y  l i t t l e  

wave motion occurs  a t  t h a t  dep th .  

Random waves of v a r i o u s  h e i g h t s  a r e  used i n  the  t e s t s .  Regxlar waves w i t h  

v a r i o u s  p e r i o d s  a r e  requi  red f o r  s e v e r a l  t e s t s .  A l l  s i g n i f i c a n t  wave h e i g h t s  

a r e  t o  be w i t h i n  10 pe rcen t  of the  reques ted  va lue .  

The 2.4-knot s u r f a c e  c u r r e n t  s c a l e s  t o  4.4 i n . / s e c .  The pipe-nozzles a r e  

p laced i n  a  v e r t i c a l  l i n e  t o  provide  c u r r e n t  a l o n g  t h e  l e n g t h  of  the  CWP. The 

nozz les  a r e  placed s o  a s  t o  p rov ide  a va ry ing  c u r r e n t  w i t h  dep th .  The smal l  

model s c a l e  means t h a t  the  Reynolds number s h i f t s  from t h e  t u r b u l e n t  range f o r  

t h e  f u l l - s i z e d  CWP i n t o  t h e  s u b c r i t i c a l  range f o r  t h e  model t e s t s .  Cur ren t  

f o r c e s  a r e  t h e r e f o r e  h igher  i n  t h e  t e s t  b a s i n ,  u n l e s s  the  c u r r e n t  v e l o c i t y  i s  

s c a l e d  down t o  compensate f o r  t h i s  e f f e c t .  
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Fig .  3-1 OTEC Spar-TAL 
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Wind i s  provided by a  s i n g l e  f i n  on t h e  s u r f a c e .  The wind w i l l  be i n  t h e  same 

d i r e c t i o n  a s  the  waves. An a.:curate anemometer i s  used t o  determine t h a t  the  

v e l o c i t y  p a t t e r n  of t h e  Kind .:ver t h e  swing a r e a  of t h e  s p a r  i s  a p p r o p r i a t e l y  

modeled. The wind rrean and s t a n d a r d  d e v i a t i o n ,  i f  not s t e a d y ,  i s  r e q u i r e d  t o  

match t h e  p r o p e r t i e s  of a r e a l  Kind f i e l d .  Wind i s  measured a t  a  p o i n t  30 f t  

f u l l  s c a l e  above s t i l l  w a t e r .  S t r i p  c h a r t s  of t h e  wind v e l o c i t y  a r e  pro- 

v ided.  For  s i m p l i c i t y ,  t h e  & nd f o r c e  could be modeled by a  s t r i n g ,  w e i g h t ,  

and p u l l e y  arrangement.  Howe.~er, t h e  wind f o r c e  i s  smal l  compared w i t h  wave 

and c u r r e n t  f o r c e s ,  and may be ignored i n  t h e s e  t e s t s  i f  d e s i r e d .  

Mode: Cons t ruc t ion .  A l l  models and t e s t  equipment a r e  fu rn i shed  by t h e  t e s t  

f a c i l i t y .  Dravings of t h e  models,  showing method of c o n s t r u c t i o n  and i n s t r u -  

menta t ion,  a r e  approved by the  c o n t r a c t o r  p r i o r  t o  model c o n s t r u c t i o n .  

Spar Model. The s p a r  i s  modeled a s  shown i n  Fig .  3-2. The o u t e r  d imensions ,  

the  c o n f i g u r a t i o n ,  the  we igh t ,  t h e  buoyancy, and the  mass moment of i n e r t i a  

a r e  modeled. The s p a r  i s  of s o l i d  w a t e r t i g h t  c o n s t r u c t i o n  wi th  v a r i a b l e  s o l i d  

b a l l a s t .  A l o w - f r i c t i o n  b a l l  o r  u n i v e r s a l  j o i n t  connects  the  lower end of the  

s p a r  main body t o  t h e  CWP. S t r u c t u r a l  s t i f f n e s s  of  t h e  s p a r  i s  not  modeled. 

CWP S e c t i o n s .  The d iamete r ,  bending s t i f f n e s s ,  a x i a l  s t i f f n e s s ,  and under- 

wa te r  weight p e r  f o o t  i s  modelrc! a s  shown i n  Fig .  3-3 and Tab le  3-2. The den- 

s i t y  of  the m a t e r i a l  i s  prefe . rably  s i m i l a r  t o  the  d e n s i t y  of s t e e l .  The 

i n t e r i o r  o f  t h e  CUP s e c t i o n s  i s  hollow and f looded  w i t h  wa te r  dur ing  t h e  

t e s t s .  The b a l l  j o i n t s  o r  u n i v e r s a l  j o i n t s  a t  e i t h e r  end of each s e c t i o n  a r e  

a s  f r i c t i o n l e s s  a s  p o s s i b l e .  The c e n t e r  of g r a v i t y  of each s e c t i o n  l i e s  a long 

the  c e n t e r  l i n e  a x i s .  
31 

CWP Buoyancy S e c t i o n .  The t o p  s e c t i o n  of t h e  CWP i n c l u d e s  a  buoyancy cham- 

b e r .  The geometry,  d imensions ,  n e t  buoyancy, and weight a r e  modeled. S t i f f -  

ness  i s  not  modeled. 
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Fig. 3-2 Spar Configuration 

T O P  VIEW 
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BASE U N I V G R  SAC 
J O I N  T 

Fig. 3-3 CWP Configuration 

C ' d P  1 5 9 2 0  K 
BUOY 2490 K 

INLET / O i l 0  K 
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Table  3-2 CWP MODEL 

Mooring Base. The mooring base  i s  no t  modeled. The, u n i v e r s a l  j o i n t  between 

t h e  base  and t h e  lowes t  CUP s e c t i o n  i s  modeled a s  a l o r f r i c t i o n  u n i v e r s a l  

j o i n t .  

S i m p l i f i e d  Spar-TAL. Model t e s t s  could  be conducted wi thou t  t h e  CWP by prc- 

v i d i n g  a s e t  o f  v e r t i c a l  and h o r i z o n t a l  s p r i n g s  t o  model t h e  CW a x i a l  s t i f f -  

ness  and the  buoyancy r e s t o r i n g  f o r c e .  Th i s  model would demonstra te  the  heave 

mot ions  o f  t h e  s p a r .  The a n a l y s i s  i n  t h e  Task I11 Repor t ,  however, shows t h a t  

dampirig i s  v e r y  important  i n  l i m i t i n g  t h e  s p a r  heave' resonance.  The above 

s i m p l i f i e d  model does not  p rov ide  a d e f i n i t i v e  va lue  of damping and i s  $here-  

f o r e  o f  l i t t l e  use  i n  d e r i v i n g  d e s i g n  l o a d s .  

Bot 

F 

F 

B 

B 

R 

B 

B 

2 1 
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*d = d i s t a n c e  from CWP upper p i v o t  t o  t o p  of segment 
B = . b a l l  j o i n t  
F = f ixed  

CWP a x i a l  s t i f f n e s s  = 4360 k i p s l i t  

A l l  dimensions f u l l  s c a l e  

Seg 
No. 

I 

2 

3 

4 

5 

6 

7 

Outer  
Diam 
( i t )  

32 .4  

3 2 . 4  
+8 x 15 

32 .4  

32 .4  

3 2 . 4  

32 .4  

3 2 . 4  

Length 
( f t )  

20 

200 

25 9 

5 44 

609 

673 

74 0 

Top 

B 

F 

F 

B 

B 

E 

B 

In-Air 
Wt/Ft 

( l b l f t )  

49 26 

16926 ' 

4916 

441 26 

49 26 

49  26 

62 83 

d* 
( i t )  

0 

2 0 

220 

479 

1023 

1632 

2305 

Tot a1  
Buoyancy 
( l b / f t )  

645 

107100 

64 5 

645 

64 5 

645 

823 



3.1.4 I n s t r u m e n t a t i o n  

Transducers a r e  ar ranged t o  measure the fo l lowing  v a r i a b l e s :  

o  The t h r e e  pe rpend icu la r  f o r c e s  a c t i n g  on the  upper CWP pivo;,  r e f -  

erenced t o  t h e  s p a r  

o  The s i x  motions of the  spa r :  p i t c h ,  rol.1, yaw, heave,  s u r g e  grid sway, 

r e fe renced  t o  i t s  c e n t e r  of g r a v i t y  

o  The two pe rpend icu la r  bending moments i n  the middle of each CWP sec-  

t i o n ,  f i v e  s e c t i o n s  i n  a l l  

o  The t h r e e  pe rpend icu la r  f o r c e s  a c t i n g  on the  mooring b a s e ,  one v e r t i -  

c a l  and two h o r i z o n t a l  

o  The two pe rpend icu la r  ang les  a t  the  b a s e  u n i v e r s a l  j o i n t ,  measured 

from t h e  v e r t i c a l  

o  The wave s u r f a c e  e l e v a t i o n  

These v a r i a b l e s  a r e  demonstra ted  i n  Fig .  3-4 and Tab le  3-3. 

The s p a r  motions a r e  r e q u i r e d  f o r  the  des ign  of t h e  OTEC subsystems a s  w e l l  a s  

f o r  computer program v e r i f i c a t i o n .  The primary s p a r  response  mot ions  a r e  

heave,  s u r g e ,  and p i t c h .  R o l l ,  yaw, and sway i s  l e s s  pronounced because  no 

wave f o r c e  e x c i t a t i o n s  occur  i n  t h e i r  r e s p e c t i v e  d i r e c t i o n s .  I n  model t e s t -  

i n g ,  a s  i n  f u l l  s c a l e ,  t h e r e  i s  some motion i n  t h e s e  secondary d i r e c t i o n s ,  and 

t h e s e  motions a r e  measured i n  case  t h e y  a r e  needed f o r  d e s i g n ,  and t o  prove 

t h a t  they  a r e  n o n c r i t i c a l .  S ince  the, t o r s i c n a i  r i g i d i t y  of the  CWP i s  no t  

modeled,  t h e  yaw response  . w i l l  be t h e  l e a s t  r e l i a b l e  mot ion v a r i a b l e .  

The measurement of the  ' s i x  s p a r  motions i s  d i f f i c u l t  t o  accomplish wi thou t  

a f f e c t i n g  t h e  s p a r  mot ions .  One s o l u t i o n  is t o  f a b r i c a t e  a  l i g h t w e i g h t  mot ion 

s e n s i n g  t r ansducer  (MST) f o r  a t tachment  t o  the  s p a r  p la t fo rm.  An e x t r a  t e s t  

can be conducted wi thou t  t h e  MST t o  check i t s  e f f e c t  on t h e  system response .  

The motions can a l s o  be measured p h o t o g r a p h i c a l l y ,  b u t  t h i s  i s  a t e d i o u s  proc- 

e s s .  An a1 t e r n a t i v e  approach is use  of  m i n i a t u r i z e d  a c o u s t i c  t r a n s d u c e r s  

developed f o r  au tomat ic  f o c u s i n g  cameras. These t r a n s d u c e r s  p rov ide  

m o n i t o r i n g  of  t h e  s p a r  and CWP motions .  
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Fig. 3-4 OTEC Spar-TAL Transducer Arrangement 
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T a b l e  3-3 TRANSDUCER LIST 

V a r i a b l e  Name 
Transduce r  

Range 
( ~ u l l - S c a l e )  

I I 
- 

I Spar-CWP Tens ion  T 1 0-6000C K 

Spar-CWP X Shea r  

Spar-CUP Z Shea r  

Base V e r t i c a l  Load 

Base Hor i z  X ~ o a d  

Base Hor i z  Z Load 

Base U J  Angles  

CWP Moments 

Spa r  Heave 

Spar  Su rge  

Spar  Sway 

Spa r  P i t c h  

S p a r  R o l l  

Spar  Yaw 

Surge  

Sway 

P i t c h  

Ro 11 

Yaw 

+ 5000 K - 
+ 3'0 deg  - 
+ 10 d e g  - 

+ 30 f t .  - 
+ 500 f t  - 
+ 200 f t  - 
+ 20 deg  - 
+ 20 deg  - 
+ 30 deg  - 
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The s e n s i t i v i c v ,  t h e  p r e c i s i o n  and e s t i m a t e s  of the  a c c u r a c i e s  of a l l  i n s t r u -  

ments a r e  t o  be provided.  Each t r ansducer  i s  c a l i b r a t e d  and c a l i b r a t i o n  

c h a r t s  a r e  prspared b e f o r e  comnuncing the  t e s t s .  Expected maximum v a l u e s  a r e  

provided i n  Table  3-3. . The t r ansducer  l o c a t i o n s  a r e  shown. i n  F i g .  3-4. Meas- 

urements of v a r i a b l e s  l i s t e d  i n  Table  3-3 a r e  recorded con t inuous ly  d u r i n g  t h e  

t e s t .  

The t e s t  s e t u p  a t  OTC a l lows  s c v e r a l  v a r i a b l e s  t o  be combined mathemat ica l ly  

a f t e r  a  t e s t .  These combined v a r i a b l e s  produce new dependent v a r i a b l e s  which 

a i d  i n  des ign  work. Severa l  p o s s i b l e  combinations of v a r i a b l e s  a r e  shown i n  

Tab le  3-4. 

The mear. wave d r i f t  fo rce  i s  measured .at  the  base  and i s  simply the  mean h o r i -  

z o n t a l  base  load .  For  t e s t s  w i t h o u t  wind and c u r r e n t ,  t h i s  mean base  load i s  

equa l  t o  t h e  mean wave d r i f t  f o r c e  on t h e  s p a r  and CWP. The s lowly v a r y i n g  

wave d r i f t  f o r c e s  on t h e  s p a r  system cannot be measured by t h e  proposed t r a n s -  

ducer arrangement.  An e n t i r e l y  d i f f e r e n t  model d e s i g n  i s  r e q u i r e d ,  i n  which ' 

t h e  long p e r i o d  d r i f t  motions would be r e  s t r a i n e d ,  t .hereby a l lowing  measure- 

ment of t h e  t ime-varying d r i f t  f o r c e s .  

3.1.6 T e s t  Requirements 

The t ime d u r a t i o n  of t h e  record  and number of p o i n t s  of measurement a r e  noted 

dur ing  each t e s t .  Data f o r  30 minutes of f u l l - s c a l e  t ime ( 3  minute model 

s c a l e )  a r e  recorded by the  computer f o r  each t e s t  i n  i r r e g u l a r  waves. Steady 

s t a t e  environmental  con- d i t i o n s  a r e  a t t a i n e d  p r i o r  t o  r e c o r d i n g  d a t a  f o r  any 

t e s t .  A l l  t r a n s d u c e r  r e a d i n g s  a r e  z e r o  d u r i n g  s t i l l  wa te r  c o n d i t i o n s .  A l l  

d a t a  a r e  t o  be ana lyzed ,  i n c l u d i n g  repea ted  t e s t s .  The approximate  t o t a l  t ime 

d u r a t i o n  of t e s t s  i s  60 minu tes ,  and t h e  s t a t i s t i c s  f o r  p r e d i c t i o n  of r e sponse  

i n  any p a r t i c u l a r  s e a  s t a t e  i s  based on t h i s  f u l l  s e t  of  d a t a .  
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Data ,  f o r  approximate ly  10 minutes of f u l l - s c a l e  t ime ,  a r e  recorded f o r  a l l  

r e g u l a r  wave t e s t s .  S tandard t e s t  r educ t ion  i s  performed w i t h  r e g u l a r  wave 

d a t a ,  such a s  a \ -erage,  maximum, Snimum, and peak average.  

Table  3-4 COMBINED VARIABLES 

For  each t e s t ,  an o s c i l l o g r a p h  r e c o r d ,  cover ing  5 minutes  of f u l l - s c a l e  t ime ,  

is  made. A s u f f i c i e n t l y  r a p i d  c h a r t  speed i s  used t o  pe rmi t  easy  i d e n t i f i c a -  

V a r i a b l e  

T 
sum 

'base 

base  

M 1 

M2 e t c  

t h r u  Mi 

'spar 

t i o n  of each t r a c e .  Zero l i n e s  a r e  r u n  b e f o r e  each test .  A l l  s t r i p  c h a r t s  

Combined v a r i a b l e  

J- 
Fx + Fy + FZ 

- 1 e, = c o s  (COS . c O S  1 ~ ,  

s i m i l  a r  t o  above 

,,I- 

a r e  t o  be p resen ted  a f t e r  complet ion of  the  t e s t  r e p o r t .  V a r i a b l e s  t o  be 

recorded a r e  shown i n  T a b l e  3-3. 
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Before t h e  s t a r t  of  t h e  t e s t s ,  a  s t a t i c  f o r c e  d e f l e c t i o n  r e l a t i o n s h i p  i s  meas- 

ured.  S t a t i c  d e f l e c t i o n  t e s t s  w i t h  the  fo l lowing  v a r i a b l e s  recorded a r e  

performed: 

Surge 

P i t c h  

Heave 

MIX t h r u  M5X 

These t e s t s  a r e  performed by p u l l i n g  h o r i z o n t a l l y  wi th  a  s t r i n g  a t t a c h e d  t o  

t h e  s p a r .  The f o r c e  i n  t h e  s t r i n g  need not  b e  measured.  

Na tu ra l  p e r i o d s  o f  s e v e r a l  modes of o s c i l l a t i o n  of the  SKSS a r e  measured 

b e f o r e  t h e  t e s t s .  These i n c l u d e  t l ~ e  p i t c h ,  heave,  and s u r g e  p e r i o d s ,  I f  t h e  

motions a r e  h i g h l y  damped, then  a  manual e x c i t a t i o n  i s  used t o  e s t i m a t e  t h e  

approximate n a t u r a l  p e r i o d .  

S e l e c t e d  d a t a  a r e  p resen ted  g r a p h i c a l l y ,  i n  a d d i t i o n  t o  t h e  t a b u l a t i o n  of a l l  

r e s u l t i n g  d a t a .  Observa t ions  made dur ing  t h e  t e s t s  s h a l l  be recorded ,  t o  

a s s i s t  i n  the  i n t e r p r e t a t i o n  of  t h e  numerical  r e s u l t s .  Attempts a r e  made, 

where p o s s i b l e ,  t o  e x p l a i n  t h e  r e s u l t s  from a  p h y s i c a l  v iewpoint .  

Color photographs a r e  t aken  d u r i n g  each t e s t .  Color  photographs a r e  made of 

t h e  models.  High speed 16mm c o l o r  mot ion p i c t u r e  f i l m s  a r e  t a k e n  of t e s t s  

when r e q u i r e d .  Camera speed i s  s e t  t o  s i m u l a t e ,  r e a l  t ime when shown a t  

24 f  rames/second. 

I n  a d d i t i o n  t o  movies taken above t h e  w a t e r ,  underwater movies a r e  r e q u i r e d .  

The view i s  p e r p e n d i c u l a r  t o  t h e  wave motion.  These movies a r e  used t o  ana- 

l y z e  the  CWP motions i n  c o n j u n c t i o n  w i t h  t h e  motion d a t a  o b t a i n e d  by t h e  

a c o u s t i c  t r a n s d u c e r s .  
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Data Reduction .and Records. For  a l l  l o a d s  and a n g l e s ,  t h e  fo l lowing  values  

a r e  computed f o r  i r r e g u l a r  wave t e s t s :  

Mean 

S tandard  Dev ia t ion  

S i g n i f i c a n t  Value 

Maximum Recorded 

Minimum Recorded 

RAO curves  a r e  genera ted f o r  a  f l a t  s p e c t r a  random sea .  Response s p e c t r a  f o r  
\ 

a l l  v a r i a b l e s  a r e  computed f o r  s e v e r a l  t e s t s .  

Report .  Within  30 days of the  conc lus ion  of t h e  t e s t  program, :2 c o p i e s  of 

t h e  r e p o r t  s h a l l  be d e l i v e r e d .  A one-page summary s h e e t  p r e f a c e s  t h e  r e p o r t  

t o  a i d  i n  f u t u r e  r e f e r e n c e  t o  the t e s t s .  

Tes t  Computer Tapes. The d a t a  from a l l  completed t e s t s  s h a l l  be s t o r e 2  on 

l a r g e  i n d u s t r y  s t andard  t a p e s  (MAGTAPE). 

3.1.7 Program Schedule 

A proposed t e s t  schedu le  i s  shown i n  Tab le  3-5. These t e s t s  p rov ide  s u f f i -  

c i e n t  d a t a  t o  d e r i v e  des ign  l o a d s  and t o  a i d  i n  v e r i f y i n g  t h e  OTEC CIJ'P com- 

p u t e r  programs. 

The f i r s t  two t e s t  s e r i e s  check t h e  e f f e c t  of c u r r e n t  and wind on t h e  system 

response.  A f t e r  i t  i s  determined whether  wind and c u r r e n t  i n c r e a s e  o r  

dec rease  t h e  l o a d s ,  t h e  remaining t e s t s  a r e  r u n  w i t h  o r  wi thou t  c u r r e n t  a s  

r e q u i r e d  t o  produce t h e  h i g h e s t  l o a d s .  Design l o a d s  a r e  based on a  s t a t i s -  

t i c a l  d i s t r i b u t i o n  of t h e  r e s u l t s  of  a l l  t e s t s ,  i n c l u d i n g  r e p e a t  t e s t s .  Thus 

i t  is  d e s i r a b l e  t o  r u n  t e s t s  under a range of c o n d i t i o n s .  
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Table  3-5 TEST SCHEDULE 

BS = Bre t schne ide r  i r r e g u l a r  wave 

W'o be decided dur ing  t e s t s  

V a r i a b l e s  f u l l  s c a l e  
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Sur face  
Cur ren t ,  
( k n o t s )  

1.8 

0  

0 .  

2.4 

0  

0  

1.8 

0  

* 
.pr 

.R 

* 
* 
.it 

* 

Per iod  
(s ec  1 

B S  

B S  

B S  

BS 

Bs i BS 

BS 

B S  

6 

8  

10 

13 

13 

13 

18 

1 

Te s t  
No. 

1 

2 

3 

4  

5  

6 

7 

8  

9  

10 

11 

12 

13 

14 

15 

H r e g  ( f t )  

H1/3  

18.9 

18.9 

18.9 

35.1 

35 . I  

35.1 

10 

10 

10 

20 

30 

40 

, 50 

60 

30 

K i  nd 
( k n o t s )  

29.5 

29.5 

0  

8 2  

8 2 

0  

0  

Remarks 

O p e r a t i o n a l  

O p e r a t i o n a l  

Opera t i  ona 1 

Storm 

S tom 

Storm 

F a t i g u e  

0  I F a t i g u e  

0  

0  

0 

0  

0 

0  

0  



Cost and Time Schedule.  A rough c o s t  e s t i m a t e  and t i n e  s c h e d c l e  f o r  t h e s e  

model t e s t s  i s  provided i n  Table  3-6. The t o t a l  modei t e s t  program c o s t  i s  

approximate ly  $43,000. The schedu le  r e q u i r e s  6 weeks of t e s t  p r e p a r a t i o n  and 

2 weeks of t e s t i n g .  The d a t e s  of t e s t i n g  a r e  s u b j e c t  t o  f a c i l i t y  a v a i l a b i l i t y .  

3.2  OTEC COMMERCIAL PLANT 

The model t e s t  program and procedure i s  n e a r l y  i d e n t i c a l  f o r  the  OTEC Commer- 

c i a l  P l a n t  a s  f o r  t h e  Modular Experiment P l a n t .  The models are of a  d i f f e r e n t  

s i z e  and the  t r a n s d u c e r  ranges  a r e  h igher  t o  accommodate the  h igher  loads .  

The model s c a l e ,  t e s t  p rocedure ,  and t r ansducer  arrangement a r e  t h e  same. 

3 . 3  COMPONENT TESTING 

Besides  model t e s t i n g  of  the  o v e r a l l  Spar-TAL system,  t e s t s  of v a r i o u s  com- 

ponents  a r e  conducted t o  ensure  s a f e  o p e r a t i o n  of t h e  OTEC SKSS. These t e s t s  

a r e  summarized i n  t h i s  s u b s e c t i o n .  

3.3.1 Univers a 1  J o i n t  

The base  CWP u n i v e r s a l  j o i n t  i s  r o t a t e d  a f t e r  f a b r i c a t i o n  t o  check t h e  c l e a r -  

ances of t h e  s t r u c t u r e  s o  t h a t  i t  does not  bind dur ing  o p e r a t i o n .  The torque 

r e q u i r e d  t o  t u r n  the  b e a r i n g s  i s  measured. The c o s t s  of t h e s e  t e s t s  should  be 

inc luded  i n  t h e  f a b r i c a t i o n  ' cos t s .  

3 . 3 . 2  Mooring Base 9 

Q 

Lowering the  mooring base  d u r i n g  i n s t a l l a t i o n  i s  f a i r l y  s t r a i g h t f o w a r d  ana- 

l y t i c a l l y ;  t h e r e f o r e  model t e s t s  a r e  not  r equ i red .  Heave resonance of t h e  

base  on i t s  lower ing c a b l e  w i l l  be avoided.  
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Table  3-6 MODEL TEST CCST AND SCHEDULE ESTIMATE 

-- 
I. COST - 

The c o s t  e s t i m a t e  f o r  the  model t e s t  program i s  a s  fo l lows:  

a. Models 

Model, c o n s t r u c t i o n  and b a l l a s t i n g  $ 3,000.00 
t o  customer p lans  and s p e c i f i c a t i o n s  
( 6  weeks r e q u i r e d )  

b .  P r e - t e s t  e n g i n e e r i n g  2,000.00 

C. Test s e t u p  anrl t e s t i n g  ( 2  weclcc) 

10 s h i f t s  @ $2 ,50@.00 / sh i f t  25,000.00 

I n s t a l l a t i o n  and removal o f  wind g e n e r a t o r s  250.00 

I n s t a l l a t i o n  and removal of  c u r r e n t  500.00 
g e n e r a t o r s  

d. I n s t r u m e n t a t i o n  

25 d a t a  channels  @ $160.00/channel 4,000.00 

9 de r ived  channe l s  @ $160.00/channel 1,440.00 

e .  Data r e d u c t i o n  and twelve c o p i e s  of  r e p o r t  3,000.00 

f .  Photography 

2,000 f t  of  16mn c o l o r  motion p i c t u r e s  4,000.00 

' TOTAL $43,190.00 

11. SCKECULE 

a.  T o t a l  t ime  r e q u i r e d  8 weeks 

b .  Tes t  d a t e s  s u b j e c t  t o  b a s i n  a v a i l a b i l i ' y  
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3 . 3 . 3  I n s t a l l a t i o n  Tescs 

The ins ta1 la : i  on of the  Spar-T-!.L may r e q u i r e  model t e s t i n g ,  depending on the  

procedure s e l e c t e d .  These t e s t s  can provide  dynamic loads  a s  we l l  a s  s t a t i c  

response .  

S c a l e  models of i n s t a l l a t i o n  a i d s  may be made t o  v e r i f y  the  concepts  and t o  

a i d  i n  i n s t r u c t i n g  i n s t a l l a t i o n  pe r sonne l .  For example, s c a l e  models have 

besn made of r i s e r - t o - b a s e  connect ions  t o  a i d  i n  d i v e r  i n s t r u c t i o n  and t o  t e s t  

proper  i n s t a l l a t i o n  techniques .  

3 . 3 . 4  S o i i  T e s t i n g  

The c o e f f i c i e n t  of f r i c t i o n  bet-ween t h e  s t e e l  bottom of the  g r a v i t y  b a s e  and 

t h e  bottom sediments  i s  of primary i n t e r e s t  i n  t h e  des ign  of t h e  mooring 

base.. Th i s  v a r i a b l e  cannot be r e a d i b l y  determined from s t a n d a r d  s o i l s  t e s t s  

such a s  t h e  t r i a x i a l  s h e a r  t e s t ,  which measures shear w i t h i n  t h e  soil. Spe- 

. c i a l l y  designed shear  f r i c t i o n  t e s t s  may be r e q u i r e d  p r i o r  t o  a  f i n a l  base  

des ign.  These t e s t s  u t i l i z e  sediments  p r e s e n t  a t  the OTEC s i t e .  

3 2 

LOCKHEED OCEAN SYSTEMS 



S e c t i o n  4 

CONCLUSIONS 

T e s t  and deve;.opaent. programs a r e  recommended f o r  b o t h  the  ba rge  and s p a r  

SKSS. These programs a r e  p r e s e n t e d ,  i n c l u d i n g  e s t i m a t e s  of c o s t  and s c h e d u l e ,  

f o r  devel  opnent , hardware and o p e r a t i o n s .  . 

Program elemcrt.3 cornoil Lo both  systems a r e  s e a f l o o r  sampling and p r o f i l i n g  

( w i t h  the  MAL r e q u i r i n g  a  more e x t e n s i v e  a r e a ) ,  s c a l e  model t e s t s  of t h e  p l a t -  

form and SKSS, and hardware t e s t s .  MAL f u l l  s c a l e  t e s t s  i n c l u d e  anchor assem- 

b l y  ernbedmei-it t e s t ,  and deep water  h a n d l i n g  d r i l l  f o r  proof of deployment 

technique.  The TAL w i l l  r e q u i r e  s p e c i a l  s o i l  s h e a r  - f r i c t i o n  t e s t i n g ,  a s  w e l l  

as  p o s s i b l e  t e s t i n g  of i n s t a l l a t i o n  t echn iques .  

These programs w i l l  p rovide  t h e  d a t a  necessa ry  t o  s u p p o r t  des ign  assumpt ions ,  

v a l i d a t e  s p e c i f  l c a t i o n s  on component hardware s t r e n g t h  and performance,  and 

demonstra te  proof o f  SKSS c o n c e p t s ,  t h e r e b y  c o n t r i b u t i n g  t o  t h e  l e v e l  of 

r e l i a b i l i t y  n e c e s s a r y  f o r  s a f e  s t a t i o n k e e p i n g  o p e r a t i o n  over the  30 y e a r  s e r -  

v i c e  l i f e .  

33 

LOCKHEED OCEAN SYSTEMS 






